A continuum theory for the deposition and growth of solid films is presented. The theory is developed in a coordinate-independent manner and so incorporates the fully nonlinear physics. The evolution of the film is modeled in three steps. First, the adsorption of atoms in the incident beam is modeled as a ballistic process. Second, the random motion of the adatoms is treated as a diffusive process. Finally, sticking of adatoms to the film occurs as a Poisson process. The resulting system of differential equations is examined in several parameter limits. The diffusively dominated limit appears similar to zone 1 of the structure-zone model. Generically the surface slope develops discontinuities; these "kinks" play the role of grain boundaries. In the ballistically dominated case these kinks may be advected along the surface giving rise to columnarlike microstructures, as is observed in zone 2.
In this paper the properties on the large scale are obtained by averaging over an ensemble of individual particles passing through a control volume on the surface. The local analysis is performed in a coordinateindependent fashion; consequently, the local balance then yields deposition equations in general coordinates that have the advantage of being fully nonlinear on the macroscopic scale. A simple ballistic argument yields a scattering cross section which determines the number of adatoms that are added to the surface layer and their velocity along the surface. The present paper attempts to track an atom from the beam until it is fixed to the film: it incorporates both a model of the initial collision with the interface and the adatom's mobility on the surface. It is hoped that this more comprehensive viewpoint will eventually explain a number of morphological features. In this paper some Moreover, the magnitude of the incident' velocity, V, will also be assumed to be constant.
As the atoms strike the surface, some of them will be rejected off the surface, and some will be adsorbed into the surface layer. In the Appendix this process is examined in detail; here only two properties of the adatoms adsorbed at each point need to be known in detail -the In this section a local analysis of the adatom dynamics is used to deduce the deposition equations. The formulation incorporates the effects of incoming momentum, adatom motion, including convection and diffusion, and sticking. The incoming beam is assumed to be unidirectional and uniform. The incident atoms hit the substrate, and a portion of them join a loosely bound surface layer.
A ballistic argument (presented in the Appendix) determines the portion of the beam Aux which is not reevaporated. The Aux rate onto a particular portion of the surface is then dependent upon the surface's orientation. The adatoms in this surface layer then move by convection and surface diffusion until they eventually stick, leading to accretion of the deposited film. Bulk diffusion is ignored. Finally, adhering to the surface is modeled as a Poisson process and consequently the deposition rate is proportional to the adatom concentration.
A length and time scale are chosen' such that the variation on the substrate is initially order unity. Consider a location on the surface, p, and let the normal at this point be denoted by n [ Fig. 1(a) Before the adatom undergoes a second collision, its velocity is determined by the scattering angle; consequently, this population of adatoms will be called coherent.
After the adatom has undergone a second collision, it will be assumed that it is scattered randomly. This population will be referred to as incoherent. To summarize, the adatom motion on the surface is due to a component which depends on the direction of the incident flux plus a randomly oriented difFusive component. The flux rate of particles which ultimately stick on the surface is given by J"and will be determined in the Appendix by considering the collision of an incident particle with the surface. The model equations governing the process of film growth are
Equations (3.3) -(3.6) demonstrate how the incident flux cascades through the various stages of the model. They allow the mean growth rate of the thin film to be determined as a function of the integrated adsorbed flux.
B. Diffusion-dominated dynamics
The conservation of total mass can now be obtained by adding (3.3) -(3.5) together: respectively. This implies that the eigenvalues of M; are exactly the principal curvatures, K, , K2 of the surface. Geometrically, 1/K"1/K2 correspond to the maximum and minimum radius of the osculating circle at a point on P. From (3.21) The form of this breakdown can be deduced by noting that the gradient of (3.17) is a first-order semilinear hyperbolic system for B,p. Consequently, the gradient will develop shocks (discontinuities) and P will develop "kinks" (discontinuities in the derivative of P). In two dimensions these kinks will occur at isolated points; in three dimensions they will occur on curves on the sur- Fig.   2 ). Note that surface roughness decreases with increasing time.
P, =cos (P)B"[J"sec(P)]. (3.28) From the ballistic results in the Appendix, it is clear that J"depends only on P, so Eq. (3.28) can be rewritten as Equation (3.27) and the restriction that P is positive when the slope of p is positive specify P in terms of p.
The assumption J = -z is not at all restrictive; the isotropy of our formulation guarantees that looking at vertical flux on a slanted surface is identical to looking at flux incident from the same angle on a flat surface. Using .29) is a wave equation. Any initial condition with a variation in P and U should cause the formation of shocks. Note that a shock corresponds to a discontinuity in P; from (3.27) it follows that this corresponds to a kink in the surface of the film as described by P. Figure 5 If the third term in (3.32) leads to the regularization of the shock, the shock width L, ' will be 1/2 L, '- P(x, t) =Pp+eN(x, t), (3.35) where e « 1. Consider a change of variables into a frame moving at the phase velocity U(gp), and on a slow time scale, which is exactly the diQusion length. Note that the term has two x derivatives, corresponding to a dispersive regularization.
To understand qualitatively the dynamics of these two regularizations, the special case where P is nearly constant is considered. Let al X =x -U(gp)t, T=et . Note that the three-dimensional hard-sphere model is identically zero. The two-dimensional hard-sphere model exhibits a change of sign not seen in any of the three-dimensional models.
Presumably the solutions for finite-mass ratios (M) greater than unity lie between the M = 1 and 00 cases and also exhibit a single maximum. 
